Lian, P., Li, L., Duan, T. Injection parameters optimization of crosslinked polymer flooding by genetic algorithm. The crosslinked polymer flooding, which is developed on the basis of polymer flooding, is a new type of flooding technology. As an EOR method, cross-linked polymer flooding has become a research hotspot. In the process of cross-linked polymer flooding, if the concentrations of the polymer and the crosslinking agent are small, the viscosity of the solution is low, and it will not achieve the oil displacement effect. Meanwhile, if the concentrations of the polymer and crosslinking agent are large, the viscosity of the solution is high, it needs high pressure to drive it flowing in the formation. Further, with the increasing injection of chemical agents, the contradiction between reduced production and increased cost has presented. The performance of crosslinked polymer flooding depends on the interaction of these two factors. Therefore, the concentrations of polymer and crosslinking agent should be optimized. In this paper, an optimal design method is proposed by using genetic algorithm with global optimization characteristics algorithm, combining with the chemical flooding numerical simulation software UTCHEM, the concentrations of the chemical agents are optimized. Firstly, the cumulative oil production is calculated by numerical simulation software UTCHEM, then the concentrations of the chemical agents are randomly generated by the genetic algorithm in the encoding process, and the fitness function takes the profit of cross-linked polymer flooding. Given a set of initial values, through crossover and mutation of population, optimized injection concentrations of the polymer and cross-linking agent are obtained by the multi-generational calculation.
Introduction
The performance of crosslinked polymer technology is characterized by adding a small amount of cross-linking agent into the low concentration of polymer solution to form the cross-linked polymer flooding system. This system with significant economic and social benefits is conducive to increase the viscosity of the displacing agent, to improve heat resistance and salt tolerance, and to reduce the cost of displacing agent (Mody et al., 1988; Zhou et al., 2007; Shen et al., 2010; He et al., 2015; Liu et al., 2016; Huang et al., 2017) . Compared with polymer flooding, crosslinked polymer flooding can further improve oil recovery, which can add 5%-15% more than that of polymer flooding (Albonico et al., 1995; Song et al., 2002; Wei, 2007; Liu et al., 2011; Yang et al., 2014) .
Many scholars have studied the mechanism of crosslinked polymer flooding (Shriwal and Lane, 2012; Brattekas et al., 2015; Lenchenkov et al., 2018) . Himes et al. (1994) developed a new, environmentally friendly polymer for the well completion and stimulation treatments where a premium is placed on maximizing effectiveness while minimizing formation damage. This new polymer is used in many operational areas such as high-permeability fracturing, gravel packing, zonal isolation pills, spacer pills. Jiang et al. (2008) measured the gelation, flow ability and viscosity elasticity for the chromiumorganic cross-linked polymer solution by laboratory methods, and its effects of blocking and oil displacement are evaluated for NB 35-2 field. Jayakumar and Lane (2013) developed a new low-concentration, low-viscosity delayed-crosslink polymer gel system for water shutoff in small aperture features in higher temperature oil and gas reservoirs. The gel employs hydrolyzed polyacrylamide (HPAM) and Polyethyleneimine (PEI) crosslinker. Yang et al. (2014) used cross-linked polymer and microspheres-polymer composite flooding to research the effect of chemical system composition, displacement speed, and injection volume during polymer flooding by physical simulation experiments, and to optimize injection parameters of composite system. Zheng et al. (2016) used computed tomography (CT) technique to carry out the crosslinked 442 Lian, P., et al. Advances in Geo-Energy Research 2018, 2(4): 441-449 polymer flooding experiment, and the tracking scanning of the process of crosslinked polymer flooding was used for rebuilding the pore structure of dry core and migration feature images of crosslinked polymer at different displacement time and different locations in the core.
While doing physical simulation experiments, the numerical simulation of crosslinked polymer flooding was carried out (Xie et al., 2007; Fakher et al., 2018; Li et al., 2018) . Pope et al. (1978 Pope et al. ( , 1999 added the crosslinked polymer flooding model into UTCHEM software. Lian et al. (2010) studied the mechanism of crosslinked polymer flooding, reviewed and discussed the research progress of crosslinked polymer flooding and its numerical simulation in high temperature and high salt reservoir. Zhang et al. (2010) determined an optimized mathematic model for optimizing the parameters of crosslinked polymer flood slug injection. It is transformed into programming problem with nonlinear restraint, and the problem is solved by using fmincon optimization module from Matlab optimization tool box. The result is verified by using numerical simulation method. Yuan et al. (2014) presented a three-dimension, two-phase and five-component (oil, water, polymer, cross-linked polymer, and cross-linker) mathematical model according to the profile control and flooding mechanism of cross-linked polymer flooding. Based on IMPES method, a more efficient and more stable Douglas difference scheme was proposed which used the step-by-step reduced-order idea to solve a model. Ebaga-Ololo and Chon (2017) proposed an efficient recovery factor prediction tool at different injection stages of two polymer slugs during polymer flooding using an artificial neural networks (ANN); with an acceptable correlation coefficient, the proposed ANN tool was able to predict the recovery factor with errors of < 1%.
During the crosslinked polymer flooding, if the injection volume of polymer and crosslinking agent are small, the amount of cross-linked polymer generated from the reaction is also small, and it has no effect on improving displacement efficiency. If there are too much chemical agents, the amount of cross-linked polymer is large, and it requires high displacement pressure to drive fluid in the formation, meanwhile, it will result in production cost increase. Therefore, it is a key problem to select a reasonable injection concentration in the process of cross-linking polymer flooding Yin et al., 2013; El-Karsani et al., 2014) . Genetic algorithm (GA) is one of the key technologies in modern intelligent computing and has been widely used in the field of reservoir development (Li et al., 2006; Liu et al., 2008; Li et al., 2012) . Genetic algorithms operate directly on the structure of the object, and there is no derivation and limited function continuity. It is global internal implicit parallelism and has better optimization ability. Besides, it uses the probability optimization methods, automatic acquisition and guidance to optimize the search space and adaptively adjust the search direction (Montes et al., 2001; Carpenter, 2008; Wood, 2018) . In this section, a new method to optimize the chemical injection concentrations is proposed by mean of the genetic algorithm and the cross-linked polymer flooding model, it has significant meaning in the injection parameter design.
Mathematical model of crosslinked polymer flooding
The crosslinked polymer flooding model is a complex component one, which mainly includes the mass conservation equation and the pressure equation, and the crosslinking reaction equation of the crosslinking agent and the polymer in the subsurface . This paper mainly uses the crosslinked polymer flooding model based on UTCHEM software.
The cross-linked polymer model
The kinetics of polymer/chromium chloride gel are simulated, and a component model is used. There are seven componts in this model, namely water, oil, polymer, chloride, Cr(III), gel and hydrogen, where gel is the formed crosslinked polymer. According to Darcy's law, the mass conservation equation of total concentration of the k th component can be writen as (Pope et al., 1999) :
Where n c is the component number; n p is the phase number, water or oil; C kl is the concentration of component k in phase l;C k is the overall volume of component k in per unit pore volume;D kl is dispersive flux of component k in phase l, which adhere to Fick's law; Q k is the injection/production rate for component k per bulk volume; φ is the porosity of reservoir; ρ k is the density of pure component k at a reference phase pressure.
The definition of capillary pressure in terms of the reference phase pressure (phase 1) has been used, namely P cl1 = P l − P 1 . The pressure equation is developed by summing the mass balance equations of volume-occupying components. Substituting Darcy's law for the phase flux terms, the pressure equation is:
Where C t is the total compressibility; D is the vertical depth;K kl is the dispersion tensor; λ L is the mobility of phase l; λ T is the total mobility,
Cross-linking reaction equations 2.2.1 Kinetics of cross-linking system
Simultaneous injection of polymer and crosslinker into the reservoir is studied. The Cr(III) for the gelation process can be generated in situ by redox reaction between Cr(VI) and nitrite. Polymer molecules are crosslinked by Cr(III), which is one of the most widely used crosslinkers (Nguyen et al., 2004; Luo et al., 2005; Lu et al., 2015) .
The kinetics can be express as follow: 
Viscosity model
The viscosity of an aqueous solution (phase 1) containing gel is modeled by using the Flory-Huggins equation (Flory, 1941; Huggins, 1941) .
Where C p is the polymer concentration; C g is the gel concentration; µ w is the water viscosity; A p1 , A p2 , and A p3 are constant parameters; A g1 , A g2 are constant parameters; C SEP is effective salinity for polymer; salinity and hardness. S p is the slope of (µ 0 1 /µ w − 1) vs. C SEP on a log-log plot; µ 0 1 is the initial viscosity of phase 1.
Gel adsorption
Gel adsorption model is established by using a "Langmuirtype" isotherm to correlate adsorbed concentration with the aqueous-phase concentrations.
Where a 1 , b 1 are the constants;Ĉ g is the adsorbed gel concentration.
The effect of gel on aqueous-phase permeability reduction is taken into account through a residual resistance factor.
Where a 2 , b 2 are the constant parameters; R RFmax is the maximum residual resistance.
Solving method
The resulting flow equations are solved by using a blockcentered finite-difference scheme. The solution method is implicit in pressure and explicit in concentration. After the equations are solved, the total production of oil can be calculated.
Polymer and crosslinker concentration optimization
A genetic algorithm is a metaheuristic inspired by the process of natural selection that belongs to the larger class of evolutionary algorithms. Genetic algorithms are commonly used to generate high-quality solutions to optimize and search problems by relying on bio-inspired operators such as selection, crossover and mutation (Melanie, 1998; Wang and Cao, 2002) . We use genetic algorithm to optimize the input parameters of crosslinked polymer flooding.
Encoding
For simplification, taking real number coding as an example, the form of the gene string X i (i = 1,2, ..., N ) is (a i1 , a i2 , · · · , a in ), where, n is the dimension of the solution space, and N is the population size. The chromosome is consisted of various parameters which affect the oil well production rate, including the injection volume, the polymer concentration, the chromium ion concentration, the formed gel concentration, and so on.
Fitness function
In the process of the adaptability evaluation of each individual in the group, the objective function of the problem to be optimized is often used directly. The objective fitness function is set to be the profit of the cross-linked polymer flooding.
Where, Q i is oil production rate on Day i, m 3 /d; P i is the oil price on Day i, $/m 3 ; s is the interest rate; t is the production time, days.
The total cost of G s is simply expressed as the sum of the chemical costs and the usual operating costs:
Where C H is the daily cost of the Chemical agents (polymers and crosslinking agent), $/d; C M is the daily operating costs, $/d; t inj is the chemical injection time; t is the production time.
The Net income is R:
If the oil price remains unchanged, the interest rate s = 0, the above formula becomes:
The fitness function is taken as R. In this case, in the Eq. (12) injection concentrations, and those parameters are randomly generated by the genetic algorithm in the coding process. The cross-linked polymer flooding model described above has been used to obtain the cumulative oil production by the numerical simulation, and the cumulative oil production is related to the chemical injection concentration.
Selection
Selection is the stage in which individual chromosomes are chosen from a population for later breeding. The generic selection procedure is implemented as follows:
1. The fitness function is evaluated for each individual, providing fitness values, which are then normalized.
2. The population is sorted by descending fitness values. 3. Accumulated normalized fitness values are computed. The accumulated fitness value of an individual is the sum of its own fitness value plus the fitness values of all the previous individuals.
4. A random number R between 0 and 1 is chosen. 5. The selected individual is the last one whose accumulated normalized value is greater than or equal to R.
Crossover
Crossover is a genetic operator used to combine the genetic information of two parents to generate new offspring. It is one way to stochastically generate new solutions from an existing population, and analogous to the crossover that happens during sexual reproduction in biology. Solutions can also be generated by cloning an existing solution, which is analogous to asexual reproduction. Newly generated solutions are typically mutated before being added to the population.
In the crossover process, a point on both parents' chromosomes is picked randomly, and designated a 'crossover point', as shown in Fig. 1 . Bits to the right of that point are swapped between the two parent chromosomes. This results in two offspring, each carrying some genetic information from both parents.
Mutation
Mutation is a genetic operator used to maintain genetic diversity from one generation of a population of genetic algorithm chromosomes to the next. It is analogous to biological mutation. Mutation alters one or more gene values in a chromosome from its initial state. In mutation, the solution may change entirely from the previous solution. Hence GA can come to a better solution by using mutation.
The purpose of mutation is preserving and introducing diversity. Mutation allows the algorithm to avoid local minima by preventing the population of chromosomes from becoming too similar to each other, thus slowing or even stopping evolution. This reasoning also explains the fact that most GA systems avoid only taking the fittest of the population in generating the next but rather a random (or semi-random) selection with a weighting toward those that are fitter.
Case analysis

Theoretical model establishment
The pattern of "4 injectors and 1 producer" is used to optimize the injection parameters of "polymer + crosslinker" flooding. The network is divided into
The well pattern is shown in Fig. 2 , in which the production well is located at the plane grid (8, 8) , while the four injectors are respectively at (1, 1), (1, 15), (15, 1), (15, 15) , and the well perforation is through the entire reservoir thickness. The top depth of the reservoir is 2100 m, the initial pressure is 20.0 MPa, and the porosity φ is 0.2. The first layer permeability is separately K x = K y = 0.5 µm 2 , K z = 0.01 µm 2 , while the second layer is separately K x = K y = 1.5 µm 2 , K z = 0.015 µm 2 . The viscosity of crude oil is 2.0 mPa·s, and the density is 0.81 g/cm has been carried out, and 500 days later, the injection pattern is transferred back to water flooding. The total simulation time is 20 years. The parameters for crosslinker and polymer are show in Table 1 .
Cross-linked polymer flooding simulation results
When the chemical agents are injected, a large gel system with high viscosity is formed at the displacing front, which drives the oil flowing to the production well. Fig. 3 shows the concentration distribution of the gel at different production time. Because of the existence of the follow-up water flooding, the plug will continually move to the production wells. However, due to the pore adsorption and retention, the gel concentration gradually decreased. When the displacing front reaches the production wells, the residual gel will be produced with oil and water.
In Fig. 4 -Fig. 6 , the water cut, the average reservoir pressure, and the recovery of water flooding, polymer flooding and crosslinked polymer flooding were compared. It can be seen that the crosslinked polymer flooding can greatly reduce the reservoir water saturation, and increase the reservoir pressure, and the recovery is 10% and 5% higher than that of water flooding and polymer flooding respectively. As a result, the cross-linked polymer flooding has an advantage over water flooding and polymer flooding.
Injection parameter optimization
The optimized range of polymer mass fraction is 0.05%-0.35%, and the crosslinking agent mass fraction is optimized from 0.01% to 0.25%. The prices and operating costs of the polymers and crosslinking agent used are shown in Table 2 .
By adjusting the size of genetic parameters, such as group size, crossover probability, mutation probability, and maximum generation, etc., the genetic algorithm can be controlled to calculate the more accurate results by a relatively short period. Fig. 7 shows the relationship between the total profit and the genetic generation. It can be seen that, in the early stage of genetic algorithm calculation, the total profit increases greatly, but with the increase of the genetic generation, the curve trend tends to be gentle. During the calculation of 140 generations, the optimal concentrations of chemical agents injected can be obtained. In this case, the optimal value of the polymer mass fraction is 0.186% and the optimal value of the crosslinker mass fraction is 0.081%. The optimized scenario is compared with two other scenarios which are arbitrarily selected. Scenario 1 has a low concentration of the polymer and crosslinker, while scenario 2 has a higher one (Table 3) . It can be seen that the optimized scenario has a medium concentration of polymer and crosslinker, and has an oil production increase. The recovery separately increases by 2.34% and 1.99% (Fig. 8) , and the total profit increases are 3.47 million dollars and 3.15 million dollars. This reservoir development is more economical and effective.
Conclusions
1. A new method is introduced to optimize the injection concentration of polymer and crosslinker by genetic algorithm. This method does not subject to the restriction of the derivative and the function continuity, and has better global optimization ability.
2. The cross-linked polymer flooding model has been used to obtain the cumulative oil production this model can reflect the flow state of the underground fluid better than normal black oil model. The cumulative oil production is related to the chemical injection concentrations and the fitness function of genetic algorithm.
3. The selection of genetic parameters should be pay more attention, such as population size, crossover probability, mutation probability, and maximum generation. By adjusting them, a more accurate method can be provided based on the genetic algorithm. These optimized results can provide a theoretical basis for development scheme design.
